ABSTRACT. We speculated that there are important agerelated differences in the economy of left ventricular force development in the isolated heart. To assess this, we evaluated oxygen consumption and force development in newborn (less than 1 wk old) (n = 26), juvenile (4-6 wk old) (n = 26), and adult (5-7 mo old) (n = 26) isolated, isovolumic rabbit hearts. Measurements were obtained with three different interventions, including 1 ) changes in heart rate, 2) inotropic stimulation with isoproterenol, and 3) changes in end-diastolic pressure. We found no significant baseline differences in the economy of force development. However, when heart rate was increased by 20%, the force/oxygen consumption ratio (economy) increased in newborn hearts by approximately 37%, whereas there was a decrease in juvenile and adult hearts of -27%. In addition, with increases in end-diastolic pressure above 10 mm Hg, newborn hearts increased their force/myocardial oxygen consumption ratio to 300% of the baseline value, whereas adults increased to only 160% of baseline. Isoproterenol produced no significant age-related differences in the force/myocardial oxygen consumption ratio. We conclude that there are important age-related differences in the economy of left ventricular force development in this model, but these differences are apparent only at higher heart rates and end-diastolic pressures. (Pediatr Res 27: 476-482,1990) of myosin isozyme V, was greatest in the newborn and lowest in the adult (3). Furthermore, Kissling and Rupp (5) have demonstrated in rats that the degree of catecholamine-induced increase in myocardial oxygen consumption depends on the isoenzyme pattern of myosin. Perhaps the force/oxygen consumption ratio also changes with alterations in myocardial isoenzymes, although there are no data to confirm this.
old) (n = 26), and adult (5-7 mo old) (n = 26) isolated, isovolumic rabbit hearts. Measurements were obtained with three different interventions, including 1 ) changes in heart rate, 2) inotropic stimulation with isoproterenol, and 3) changes in end-diastolic pressure. We found no significant baseline differences in the economy of force development. However, when heart rate was increased by 20%, the force/oxygen consumption ratio (economy) increased in newborn hearts by approximately 37%, whereas there was a decrease in juvenile and adult hearts of -27%. In addition, with increases in end-diastolic pressure above 10 mm Hg, newborn hearts increased their force/myocardial oxygen consumption ratio to 300% of the baseline value, whereas adults increased to only 160% of baseline. Isoproterenol produced no significant age-related differences in the force/myocardial oxygen consumption ratio. We conclude that there are important age-related differences in the economy of left ventricular force development in this model, but these differences are apparent only at higher heart rates and end-diastolic pressures. (Pediatr Res 27: [476] [477] [478] [479] [480] [481] [482] 1990) of myosin isozyme V, was greatest in the newborn and lowest in the adult (3) . Furthermore, Kissling and Rupp (5) have demonstrated in rats that the degree of catecholamine-induced increase in myocardial oxygen consumption depends on the isoenzyme pattern of myosin. Perhaps the force/oxygen consumption ratio also changes with alterations in myocardial isoenzymes, although there are no data to confirm this.
We know that the newborn heart has a less mature sarcoplasmic reticulum than the adult. Mahony (6) demonstrated that there was a marked increase in the coupling of sarcoplasmic reticulum Ca2+ transport to ATP hydrolysis during maturation of the heart. In sheep, this maturational process seems to continue through the 8th wk of life. We speculated that this maturation of calcium coupling ratio might manifest as a developmental increase in the economy of myocardial force development.
Thus, there are fundamental biochemical differences between the newborn and adult myocardium. Differences in myosin isozyme or sarcoplasmic reticulum could conceivably alter the coupling of ATP hydrolysis to force generation. Therefore, we hypothesized that there might be important maturational changes in the economy of myocardial force generation independent of changes in ventricular pressure or volume. To further assess this, we evaluated oxygen consumption and force development in newborn, juvenile, and adult isolated, isovolumic rabbit hearts.
Abbreviations
MATERIALS AND METHODS dP/dt, change in pressure per unit time Methods. Standard techniques for an isolated, isovolumic rabbit heart preparation were modified primarily to isolate and maintain the heart within the chest cavity (7). This was done to minimize both ischemic time and mechanical trauma to the Little is known about developmental changes in myocardial heart. We wed New White rabbits from three age oxygen consumption and the economy of force generation. groUPS:
(less than wk mean age 3.4 * 2.0 d) ( n Fisher et a/. (1) found that newborn sheep had a higher myocar-= 26), juveniles (4-6 wk old) ( n = 261, and adults (5-7 mo old) dial oxygen consumption than adults, and related this increase ( n = 26). Rabbits were sedated with pentobarbital (50 mg/kg) to increased myocardial work, Suga al. (2) studied the cone-and ventilated. The pentobarbital was given i.v. to the juveniles lation between myocardial oxygen consumption and the pressure and adults, and intra~eritoneall~ to the newborns. A midline volume area in puppies. ~h~ slope of this was not thoracotom~ was performed, and the hearts were rapidly isolated affected by contractile state or age. This suggests that myocardial and instrumented within the chest Retrograde coronary mechanics (pressure-volume area) determine oxygen consump-perfusion was begun with a warmed, oxygenated ~rebs-Henseleit tion and there are no fundamental changes in this relationship solution. Coronary perfusion was started without any intervening with maturation of the heart. ischemic period. The perfusate had the following constituents In contrast to these studies, theoretical considerations lead us (mM): glucose 4.9, NaCl 110, NaHC03 22, KC1 3.4, MgS04, to speculate that there may be important age-related changes in 0.5, and KH2P04 myocardial work economy unrelated to myocardial pressureThrough a left atrial incision, a fluid-filled, balloon-tipped volume relationships. We know that the newborn myocardium catheter was passed into the left ventricular cavity. The balloon may have different myosin isoenzymes than the adult (3, 4) . was constructed from thin cellophane material. These balloons Nakanishi have shown in rabbits that the relative proportion were of sufficient size that, when inflated with the maximum volume, the intrinsic balloon pressure was always less than 2 Coronary eMuent was collected from the right ventricle with a soft catheter passed retrograde from the pulmonary artery. A 27-gauge thermistor needle was inserted superficially into the left ventricular muscle to monitor temperature. The myocardial temperature was maintained at 30°C throughout the experimental protocols by warming the perfusate and by external radiant warming of the chest cavity. Pacing wires were attached to the right atrium. After instrumentation (-15 min), hearts were allowed to stabilize for 30 to 60 min. We noted no differences between the age groups in instrumentation or stabilization time. During this stabilization period, the pacing rate was set to at least 140 bpm, or 10% above the intrinsic heart rate. Fluid was added to the left ventricular balloon to adjust the ventricular diastolic pressure to approximately 8 mm Hg. Coronary perfusion rate was set at 1-3 mL/min (newborn), 15-25 mL/min (juvenile), and 40-60 mL/min (adult) (7). These flow rates were chosen to give equivalent flow/g of tissue to all three age groups. Coronary effluent was discarded during the instrumentation and stabilization time period, with the expectation that this would allow sufficient washout of residual pentobarbital from the myocardium. In validation studies (7), this model was found to be stable for 3 h in all age groups, without tissue acidosis or evidence of lactate production.
Measurements and Calculations. After stabilization, the following measurements were obtained for all hearts: 1 ) mean aortic pressure; 2) left ventricular diastolic pressure (corrected for intrinsic balloon pressure), developed pressure, and the first derivative of developed pressure; 3 ) coronary flow rate (measured effluent from right ventricle); 4) myocardial temperature; and 5) coronary arterial and venous perfusate gases. Perfusate was collected in glass syringes in a manner to avoid bubble contamination. The samples were kept on ice until the conclusion of the protocol when gas tensions and pH were assessed with a Radiometer blood gas apparatus (Radiometer, Westlake, OH). All pressures were corrected for any baseline shifts due to manipulation of balloon volumes. Various protocols were then undertaken, as described below. At the end of each protocol, the hearts were arrested by adding potassium chloride to the perfusate (20 mEq/L). The fluid volume was removed from the balloon to decompress the heart. Repeat measurements were made in the arrested heart, including: I ) coronary flow rate, 2) myocardial temperature, and 3) coronary arterial and venous perfusate gases. At the conclusion of each experiment, the left ventricle was opened and the shape and fit of each balloon in the cavity was inspected. The balloon length was measured and compared to the apical-mitral annulus distance. If the balloon was not of appropriate size for the ventricle, the data from the preparation were discarded. The fluid volume in the balloon was measured, and the preparation was discarded if there was any evidence of volume loss during the experiment. Atrial tissue was removed and discarded, the right ventricular free wall was dissected free from the left ventricle, and the two ventricular pieces were weighed separately (right ventricular free wall, and left ventricle with septum). The tissue pieces were then dried in an oven and reweighed.
Several calculations were made from our measurements. Arterial and venous oxygen contents were estimated from the oxygen tension: oxygen content (mL/mL perfusate) = Po2 (torr) x 0.00003 Myocardial oxygen consumption (MV02) was then calculated (8):
The surface area of the left ventricular balloon was estimated, based upon the assumption that the balloon formed the shape of a prolate ellipsoid (9):
where a = the short axis of the ellipsoid, b = the long axis of the ellipsoid, and H = [l/(a-4(a2-b2))]0.5. The long axis (a) of the balloon was directly measured and was constant throughout the experiment. However, the short axis (b) varied with the balloon volume, and was calculated from the following formula (9): volume of a prolate ellipsoid = (413) rab2
Thus,
The mean left ventricular pressure was assessed by measuring the area under the left ventricular systolic pressure curve. The systolic area for four beats was averaged and multiplied by the heart rate to give the mean systolic pressure/min. Inasmuch as no stroke work was performed in this model, the force generated by the left ventricle could be calculated (9): mean force/min (dynes) = mean LV systolic pressure/min x balloon surface area X 1330
The oxygen used for force development was estimated by subtracting the oxygen consumption after KC1-arrest from the total oxygen consumption during each protocol. This was called the active oxygen consumption (active MV02). The left ventricular economy was then estimated:
economy (dynes/mL 0 2 ) = mean forcelactive MV02
Experimental Protocols. Several protocols were performed to study oxygen consumption and force development under various conditions. Heart rate. The effects of altering heart rate on myocardial oxygen consumption and force development were assessed. After stabilization, hearts were paced at a rate of 140 bpm for 10 min. Measurements, as listed above, were performed. The pacing rate was then increased to 170 bpm, and after 10 min, repeat measurements obtained. Eight hearts from each age group were studied by this protocol.
Inotropic stimulation. The effect of an isoproterenol infusion was studied. Paced heart rate was equal in all age groups for this protocol. After stabilization, baseline measurements were obtained. An isoproterenol infusion was then begun into the aortic root, with a delivered concentration of 0.02 ymol/L. Because coronary flow/g was equal in all three age groups, the isoproteren01 dose/g of tissue was equal in all groups. We have previously found that this dose produces a near maximal effect in our model with no apparent toxicity (10). After 10 min of drug infusion, repeat measurements were obtained. Ten hearts from each age group were studied by this protocol. End-diastolic pressure. The effect of varying the balloon volume and end-diastolic pressure was assessed. Paced heart rate was equal in all age groups for this protocol. After stabilization, the balloon volume was reduced to achieve a left ventricular enddiastolic pressure of approximately I mm Hg. Every 5 to 10 min, volume was added to the balloon to obtain measurements at four increments of left ventricular end-diastolic pressure (1, 3, 6, and 14 mm Hg). Eight hearts from each age group were studied by this protocol.
Statistical Analysis. Comparisons between independent groups
(each age group) were performed using Bartlett's test for equality of variances, one-way analysis of variance, and Welch's approximation to the one-way analysis of variance for groups with unequal variances. In addition, Newman-Keuls multiple comparisons test was performed. For repeated measures, parametric repeated measures analysis of variance and multiple painvise comparisons tests were performed. The level of statistical significance for all comparisons was chosen a s p < 0.05 (1 1).
RESULTS
Baseline and postprotocol measurements. Baseline measurements are summarized in Table I . By design, heart rate, coronary significantly different from juveniles and newborns). However, the pulmonary effluent Po2 was not significantly different between the age groups (3 16, 341, and 328 torr in newborns, juveniles, and adults, respectively). The left ventricular-developed pressure and the first derivative of developed pressure were significantly lower in the newborn hearts than in the juveniles and adults. The total oxygen consumption/g of tissue was significantly higher in the newborns than in the juveniles and adults. Table 2 displays some of the measurements obtained at the conclusion of the experimental protocols. We have previously described similar age-related differences in this model (7) . Newborn hearts are about 1130th the size of adult hearts, and 1110th the size ofjuvenile hearts. As expected (l2), newborn hearts have a relatively larger right ventricular mass. Newborn hearts also have a slightly lower water content in this model. After potassium chloride arrest, the oxygen consumption/g of tissue was higher in newborns than in the other age groups. Figure 1 shows the baseline left ventricular force in our three age groups. There was a significant age-related increase in left ventricular forcelmin. Also shown in Figure 1 is the active myocardial oxygen consumption/min. We derived this value by subtracting the postarrest oxygen consumption from the total oxygen consumption. The active oxygen consumption (not corrected for tissue wt) also showed an age-related increase. Finally, Figure 1 displays the baseline left ventricular economy, which is defined as the forcelmin divided by the oxygen consumption/ min. There were no baseline differences between the age groups in this index of left ventricular economy.
Protocol results. Figure 2 illustrates the results of the first protocol, in which the hearts were assessed at two different pacing rates. With a 20% increase in pacing rate, active oxygen consumption in juvenile and adult hearts was 136 + 16% (mean + SEM) (not significantly different compared to baseline, p = 0.17) With the increase in heart rate, the oxygen consumption in newborn hearts was 84 a 16% of baseline (not significantly different from baseline, p = 0.12). End-diastolic pressure went up to 179 + 16 and 182 + 23% of baseline at the faster heart rate in juveniles and adults, respectively ( p < 0.05 compared to baseline). End-diastolic pressure did not change in newborns. The faster heart rate produced a small but significant decrease in left ventricular force per min and maximum positive dP/dt in all of the age groups. Figure 3 illustrates the results of the second protocol, in which isoproterenol was infused into the aortic root. With this dose, there was no significant change in heart rate in any of the age groups, with most hearts maintaining a paced rhythm. As shown, myocardial oxygen consumption, left ventricular force per min, and dP/dt increased similarly in juvenile and adult groups ( p < 0.05 compared to baseline). However, the newborn group had a minimal response to this drug infusion although the changes from baseline in left ventricular force and +dP/dt were significant. There was a large variability in the end-diastolic pressure with the drug infusion, and no significant differences were detected between the age groups. Figure 4 shows the response of the hearts to an increase in end-diastolic pressure (protocol 3). Increasing end-diastolic pressure from 1 to 14 mm Hg led to a 15-20% increase in myocardial oxygen consumption in juvenile hearts ( p < 0.05). Although the changes appeared similar in the adult group, the differences from baseline were not significant. Left ventricular force increased to 180-190% of baseline in newborns and adults, whereas juveniles had a much greater increase to -290% of baseline ( p < 0.05 for all groups compared to baseline). dP/dt increased significantly in all groups ( p < 0.05 compared to baseline), but newborns showed significantly less increase than juveniles or adults. Figure 5 summarizes the changes in left ventricular economy with each of the three protocols. With a 20% increase in heart rate, the mean newborn force/myocardial oxygen consumption ratio was 37% higher ( p = 0.27 compared to baseline), whereas the mean juvenile and adult ratio was 27% lower (p = 0.04 for juveniles and p = 0.08 for adults compared to baseline). During isoproterenol infusion, economy appeared to increase slightly, but there was no difference between the age groups and no significant change from baseline. Changes in end-diastolic pressure had the greatest effect on the force/myocardial oxygen consumption ratio. In what we consider the normal range of end-diastolic pressures (4-10 mm Hg, mean = 6.4 mm Hg, SD Our results suggest that there are age-related differences in the groups only. At higher end-diastolic pressures, the newborn economy of oxygen utilization. Within the narrow bounds of hearts increased their force/myocardial oxygen consumption our model, there were no significant baseline differences in left ratio to 300% of baseline, which was significantly greater than ventricular economy between newborn, juvenile, and adult the adults.
hearts. However, with increasing heart rate, newborns had a ratio compared to the other two groups. Similarly, newborns newborn sheep have a higher myocardial oxygen consumption increased their force/myocardial oxygen consumption ratio to a than adult sheep. They attributed this finding largely to differgreater degree at high end-diastolic pressures. Inotropic stimula-ences in myocardial work, implying that economy was similar tion with isoproterenol produced no age-related changes in econ-between the age groups. However, because estimates of left omy.
ventricular force are extremely dificult in the intact ejecting heart, small but significant age-related differences in myocardial economy might have remained undetected. Suga et al. (2) have related the left ventricular pressure-volume area to myocardial oxygen consumption in puppies. They found no significant differences between adult dogs and puppies (2-4 mo old), despite large differences in heart size and contractile properties. Our model is quite different from Suga et al.'s (2), yet we, too, found no baseline differences between the age groups when we related mechanics (pressure-volume relationship for Suga et al. (2) and force in our model) to oxygen consumption. Several previously described features of the newborn heart might help to explain our results. First, as noted by Friedman (12) , the newborn myocardium has a reduced compliance compared with the adult myocardium. This is associated with a greater noncontractile mass in the newborn heart. Perhaps similar preloading conditions in our model (similar end-diastolic pressures) produce quite different degrees of muscle fiber stretch because of age-related differences in noncontractile mass. Loiselle (1 3) has noted that the activation metabolism (energy needed for electrical excitation and excitation-contraction coupling) is altered by changing preload or muscle length. Thus, we speculate that age-related differences in myocardial compliance might produce age-related differences in myofilament alignment, which in turn might affect the activation metabolism of the heart. The need for a higher filling pressure to optimize myofilament alignment might explain our finding of improved economy of force production at high end-diastolic pressures in the newborn heart. Second, the newborn myocardium has been noted to have an immature sarcoplasmic reticulum, and consequently has a greater reliance on the sarcolemma for excitation-contraction coupling (6) . We speculate that differences between the two membranes in the coupling of ATP to calcium flux might produce differences in the efficiency of force development. For example, if calcium can transit the sarcolemma with less energy expenditure than transit across the sarcoplasmic reticulum, then the newborn heart (relying on transsarcolemmal flux) could produce a myocardial contraction more economically than the adult heart. If this speculation is valid, then our results at increased heart rates might be explained. If transsarcolemmal calcium flux were particularly economical, then the economy would be most easily noted at increased cycling rates.
In their baseline condition, newborn hearts appear to be operating at near maximal contractility, with very limited reserve compared to adults (14) . It is possible that our interventions of increasing heart rate and increased end-diastolic pressure led to a decrease in contractility in the newborn hearts, but not in the adult hearts. This decreased contractility may have produced a decrease in oxygen consumption with very little change in left ventricular force.
Methodologic considerations may limit the applicability of our results beyond the bounds of this model. For example, glucose is the only metabolic substrate provided in our model. Because adult myocardium relies more on fatty acid oxidation than does neonate myocardium (15, 16) , our model may place the adult heart at a relative disadvantage. Werner et al. (1 6 ) did note that 10-d-old rabbit hearts have an increased ability to oxidize palmitylCoA compared with the fetal heart. Their data suggest a fairly rapid maturational process for mitochondria1 respiration. Although no information is available on the metabolic needs of 4-to 6-wk-old rabbit hearts, we speculate that ourjuveniles have substrate needs similar to those of the adult heart. Our hearts were also hypothermic. Hypothermia has previously been noted to have no effect on left ventricular economy (17) . However, there may be age-related differences in the effects of hypothermia on the myocardium. Several investigators have shown that the immature rabbit heart gains greater protection from ischemic injury with hypothermia than does the adult heart (18, 19) . It is not clear how this protective effect of hypothermia would affect the economy of the myocardium as studied in our model.
It is possible that age-related differences in the response of the myocardium to the isolation process might account for some of our findings. For example, there may be age-related differences in the response of the heart to pentobarbital, although this drug should have been completely washed out from the myocardium before the experimental protocols began.
In summary, we found significant differences between adult and newborn hearts in left ventricular economy in an isolated, isovolumic rabbit heart model. However, these differences are apparent only at high heart rates and high end-diastolic pressures. Other workers using models similar to ours should consider these differences when making age-related comparisons of myocardial performance.
